SUMMARY
Malignant hyperthermia (MH) susceptibility is diagnosed currently by demonstrating increased in vitro contracture responses to caffeine and halothane. These in vitro contracture tests are said to be the most reliable tests available at present [1, 2] except in patients with an underlying myopathy, in whom otherwise significant contracture responses do not necessarily indicate true susceptibility to MH [3, 4] .
As the in vitro contracture test is a biological test, there were many variations in the testing procedure used initially, and only during the past few years has the methodology been standardized [5, 6] . However, these elaborated procedures of the European and North American Groups differ to a certain extent. It is therefore necessary that every attempt is made to define and improve the sensitivity of the in vitro contracture test and that all factors that contribute to the variability are eliminated or, at least, known.
Poorly viable muscle clearly affects the in vitro contracture response [2] . For this reason, "good viability " is a prerequisite in both procedures and is demonstrated by the presence of a minimal twitch response to electrical stimulation. The original European procedure only specified that electrical stimulation (1-ms supramaximal stimulus at a frequency of 0.2 Hz) should produce "a reasonable twitch height" [5] . The most recent (and as yet unpublished) version of this procedure, however, specifies that a minimal twitch of 1 g should be obtained at the beginning of the test. In the American procedure, the muscle is stimulated at 0.1-0.2 Hz with a pulse duration of 1-5 ms and supramaximal voltage. The minimally acceptable twitch tension in this method is not denned [6] , but it is felt by at least some members within this group that the bundles should, ideally, exhibit twitch tensions of at least 1 g [2] . As far as we know, there have been no previous investigations to examine if contracture test results could be influenced by the electrical stimulation itself. The purpose of the present study, therefore, was to evaluate the influence, if any, of twitching on force or contracture development of human muscle in response to incremental doses of caffeine.
PATIENTS AND METHODS
We studied 20 patients, undergoing investigation for susceptility to MH. The diagnosis of MH susceptibility was performed according to the procedure of the European MH Group [5, 7] For diagnosis, two caffeine and two halothane tests were performed. The muscle fascicles were suspended in a 40-ml tissue bath containing KrebsRinger solution at 37 °C and bubbled with carbogen (5 % carbon dioxide in oxygen). A baseline force of 1-2 g was applied and the muscle fascicles were stimulated at a supramaximal voltage (1 ms duration, 0.2 Hz). The developed force was measured by a transducer (BG-50 g Kulite Semiconductor) and recorded on a two-channel recorder (Chino EB 22005). In the cumulative caffeine test, the caffeine concentration (as free base) was increased stepwise from 0.5 to 1.0, 1.5, 2.0, 3.4 and 32 mmol litre" 1 by adding a precise volume of a caffeine stock solution to the muscle bath. In the halothane test, halothane (Fluothane ICI-Pharma) was added to the bath using the nominal concentrations of 0.5, 1.0, 2.0 and 3.0 vol% (Drager Vaporizer, Halothan Vapor 19.3; carbogen as carrier gas). Each successive concentration of the test drug was administered as soon as the maximum contracture plateau was reached or after exposure for 3 min if no contracture occurred.
When these tests were completed, and only if these had shown the patient to be non-susceptible (MHN laboratory status), we performed a further simultaneous two caffeine tests, comparing the contracture response in an electrically stimulated bundle with the contracture response in an unstimulated bundle. Non-susceptible patients were selected in order to have a uniform group.
As we routinely test at least six to eight muscle fascicles to confirm the MHN-status, no extra tissue had to be removed for this study.
The investigation into the possible influence of electrical stimulation on force generation was realized using pairs of muscle fascicles obtained from the same patient. These pairs were selected carefully so that they were identical in length, weight, baseline tension, time interval from biopsy and twitch height upon initial electrical stimulation. After obtaining a stable baseline, we continued stimulating one of the two fascicles (stimulated group) and stopped stimulating the other specimen (unstimulated group). The stimulus voltage (one stimulator for two baths) was adjusted so that a predetermined twitch amplitude (see below) was obtained. Thereafter, contracture development was registered simultaneously, in separate baths, in both muscle bundles at caffeine concentrations of 0.5, 1, 1.5, 2, 3, 4, 6, 8, 10, 12 and 32 mmol litre"
1 . This experiment was performed in two groups of 10 patients (selected from about 35 patients, as in a given patient often no comparable muscle pairs could be found). In a first experiment we compared the cumulative dose-response to caffeine in 10 stimulated bundles twitching 1-2 g during the caffeine challenge,-with the response in 10 unstimulated bundles from the same patient. In a second identical experiment, we compared the cumulative contracture response to caffeine in 10 stimulated fascicles twitching 3-4 g, with the caffeine contracture response in 10 unstimulated fascicles. All tests were completed within 4 h after excision of the bundles.
Differences between the means of the groups at each caffeine concentration were analysed using Student's t test for independent samples (unpaired, two-tailed). Significance was accepted at P < 0.05.
RESULTS

Experiment 1: twitch tension 1-2 g vs unstimulated fascicles
The muscle specimens used were comparable in length (P = 0.55), weight (P = 0.76), baseline force (P = 0.71) and twitch tension before adding caffeine (P = 0.87) (table I). Significant differences in force generation between the two groups were found at caffeine concentrations ^ 6 mmol litre" 1 ; the difference with caffeine 4 mmol litre" 1 almost reached statistical significance (P = 0.06). The tension generation was invariably larger in the unstimulated fascicles. In this group, three fascicles developed a contracture of 0.1 g with caffeine 2 mmol litre" 1 , whereas in the stimulated group, one fascicle showed a contracture of 0.1 g with 2 mmol litre"
1 . There was no statistically significant difference with caffeine 32 mmol litre" 1 .
Experiment 2: twitch tension 3-4 g vs unstimulated fascicles
In this group also the muscle fascicles were comparable in length (P = 0.87), weight (P = 0.34), baseline force (P = 0.74) and twitch tension before adding caffeine (P = 0.92) (table II). Force generation was again found to be more pronounced in the group of muscle bundles that were not stimulated electrically with significant differences (P < 0.01) at caffeine concentrations ^ 4 mmol litre"
1 . With caffeine 3 mmol litre" 1 , the difference in mean tension generation approached significance (P = 0.09). In the unstimulated group, one bundle developed a non-significant contracture of 0.1 g.
DISCUSSION
During the past few years, standardized methods for in vitro contracture testing have been elaborated by both the European MH and the North American MH Groups [5, 6] . These methods were required as contracture responses to both caffeine and halothane have been shown to be influenced by different physical characteristics of the specimen (origin [8, 9] , size [10, 11] , fibre type composition [10, [12] [13] [14] [15] [16] [17] ); muscle chamber (temperature [18] [19] [20] , calcium concentration and pH [19, 21, 22] ); composition of the caffeine used [21] and by several pharmacological agents (neuroleptics [23, 24] , beta adrenoceptor blocking drugs [25] , calcium antagonists such as verapamil [26, 27] , diltiazem [27] [28] [29] [30] , nifedipine [29] and dantrolene [27, 28, 31] ). Some of these factors seem to be of minor importance, but others definitely induce an unacceptable variability in the test results.
In both the North American and European procedures, electrical stimulation is used to prove viability of the muscle specimens. To our knowledge, the twitch response has not been examined for possible effects on force or contracture generation. In this study, electrical stimulation inhibited markedly the amplitude of the caffeine-induced contractures. As the stimulus voltage was adjusted to obtain a predetermined twitch amplitude, we obviously did not use supramaximal stimulation. Nevertheless, even with supramaximal stimulation large differences in twitch amplitude between different bundles of the same patient often occur and, although we compared two extremes (unstimulated vs stimulated bundles), we feel that large differences in twitch tension may be a source of variability in the caffeine contracture test results. This is supported (2.85) by the fact that the suppression of tension generation was more pronounced in the group with the largest difference in twitch amplitude, suggesting a graded effect.
Two factors that could be relevant to the observed difference in force generation are the caffeineinduced twitch potentiation and muscle fatigue.
Twitch tension reflects the intracellular fast mobilization of calcium from the sarcoplasmic reticulum induced by the electrical stimuli. Caffeine is well known to potentiate twitch tension, even at concentrations considerably less than the threshold for caffeine contracture [32] . As the excised tissue used for the contracture test is "tendon-free" (not supported by connective tissue), potentiation of the twitch amplitude could possibly result in stretching and elongation of the muscle specimen. Elongation of the muscle specimen, even if very small, obviously may counteract "isometric" force generation and result in a delayed or inhibited contracture. Experiments with frog semitendinosus muscles showing a "slip" of the contractile component during rapid stretch lend some support to this idea [33] . ' Fatigue in muscle is a complex phenomenon which has so far eluded definition. Indeed, several biochemical and physiological models have been suggested to account for the decrement in the ability of muscle to sustain a given level of force for prolonged periods [34, 35] . The processes necessary for force generation (Ca 2+ release from the sarcoplasmic reticulum and the formation of myosin-actin crossbridges) require energy. It is not unlikely that the cut muscle bundles used in this setting are in a bad physiological shape, with a lower than normal ATP content or contain reaction products such as ADP, inorganic phosphate and H + in inhibiting concentrations. Even though most experiments on muscle fatigue use intermittent tetanic and not single twitch stimulation, it seems realistic to assume that, in these muscle specimens with limited energy reserve and supply, the energy consumed by the twitches evoked during repetitive stimulation interferes with the metabolic demands to generate force and thus results in a reduced force output at a given concentration of caffeine. Support for the occurrence of fatigue even with non-tetanic stimulation can be obtained from scarce animal experiments. In frog muscle, repetitive electrical stimulation at low frequences (0.5-5 Hz) was found to result in a decrease in twitch tension, considered to be a fatigue phenomenon [36] . As these experiments were conducted at temperatures of 10-20 °C and skeletal muscle fatiguability in vitro is temperature-dependent with fatigue time shortening at increased temperatures [37] , fatigue may play a significant role in explaining the observed differences.
In the unstimulated group, significant contractures (^ 0.2 g with concentrations of caffeinê 2 mmol litre" 1 ) did not occur, so that the interpretation of the test and the MH status of the patient were not altered by either stimulating or not stimulating the fascicles. However, in four of 20 unstimulated bundles a small contracture (< 0.2 g) was observed at caffeine concentrations 2 mmol litre" 1 or less. During the initial diagnostic test in the same patients, contractures were only observed at concentrations of caffeine ^ 3 mmol litre" 1 (two patients 0.1 g with 3 mmol litre" 1 , one patient 0.2 g with caffeine 3 mmol litre" 1 , one patient 0.2 g with 4 mmol litre" 1 ). Even though these small contractures occasionally occur with caffeine 2 mmol litre" 1 during the normal procedure, their occurrence and frequency in the unstimulated bundles is worrisome in that they tend to blur the margin of safety of the test.
In conclusion, these results indicate that electrical stimulation of the muscle interfered with force development. Significantly less force was generated in the stimulated bundles than in the unstimulated bundles. Overall, this influence seems to be of minor importance at the critical caffeine concentrations of 2 mmol litre" 1 or less, so that the in vitro diagnosis was not altered. However, large differences in twitch tension could account for some of the variability found in the in vitro response of muscle to caffeine as reported in the literature. Even though the necessity of a common procedure for performance and interpretation of the in vitro contracture tests has been acknowledged, this study underlines that further investigations concerning the methodology of the test are warranted.
